The effectiveness of native entomopathogenic Beauveria bassiana isolates in the biological control of the Mediterranean fruit fly (Ceratitis capitata) was evaluated under laboratory and field conditions. Local isolates (P. Bv32, P. Bv39, P. Bv41, P. Bv51, and P. Bv52) of the fungus B. bassiana induced higher adult mortalities (77%, 65%, 65%, 65%, and 58%, respectively) than a control against the Mediterranean fruit fly under laboratory conditions. Adult mortality increased by increasing the conidial concentrations. In addition, the lethal time (LT50) for killing adult C. capitata ranged from 3.91 to 5.60 days, and the logged lethal concentration (LC 50 ) ranged from 3.80 to 10.50, depending on the isolate. Furthermore, the contact application method induced significantly higher mortality than feeding alone, compared with the control. In addition, spraying peaches with a conidial suspension of the isolates P. Bv32 and P. Bv39 significantly reduced infestation by the fruit fly, compared with the control. The isolates grew well at a temperature range of 25˚C -30˚C; germination of the conidia occurred at 15˚C -30˚C, and sporulation occurred at 20˚C -25˚C. High Mediterranean fruit fly mortalities were induced at 15˚C -30˚C, with significant differences among the isolates. However, the isolates failed to grow, germinate, or sporulate above 35˚C or below 10˚C. Under field conditions, a formula of the bioinsecticide containing the isolate P. Bv32 of B. bassiana significantly reduced peach infestation with Medfly maggots by 25% compared with the control, and by 30% when combined with a low dose of the commercial insecticide Confidor ® .
Introduction
The Mediterranean fruit fly (Medfly) (Ceratitis capitata, Wiedemann, 1824; Diptera, Tephritidae) is a serious global pest, particularly in the Mediterranean and Middle East regions. The insect was first detected in orchards in the area in the early 1900s [1] . It is highly polyphagous, and causes damage to a wide range of unrelated fruit crops. In the Mediterranean region, it is particularly damaging to citrus, plums, peaches, and apples. It also transmits fruit-rotting fungi [2] . An economic feasibility study conducted in 1997 showed that in Israel, Jordan, and Palestine the total annual losses from Medfly amounted to nearly US $300 million, including the loss of markets that discriminate against Medfly and pesticide residues. In Jordan, 90% of pears, 52% of apples, and 35% of figs are infested with this species [3] . Efforts have been made to reduce the use of harmful insecticides and apply safer, alternative methods to control the Medfly. Among these are the mass-trapping technique [4] , the sterile insect technique [5] , and biological control using several bioagents, including the entomopathogenic fungus Beauveria bassiana ([Balsamo] ; Phylum Ascomycota, Cordycipitaceae) [6] [7] . B. bassiana is the natural enemy of a wide range of insects and arachnids, and has a wide distribution [8] [9] . It acts as a control agent of several insect species worldwide, including Helicoverpa armigera (Hübner), Alphitobius diaperinus (Panzer), Plutella xylostella (Linnaeus), Laniifera cyclades, Prostephanus truncatus (Horn), Polyphagotarsonemus latus (Banks), and Bemisia tabaci (Gennadius) [10] . In addition, B. bassiana has been extensively exploited for the field control of the coffee berry borer, Hypothenemus hampei (Ferrari), in many countries around the world [11] . Review of impact of various biocontrol agents including B. bassiana on various insect species was provided [12] . Although first recognized as an insect pathogen, B. bassiana can exist endophytically in many wild and cultivated plant species [13] , and its colonization of several herbaceous and woody species may provide a degree of bio-protection to the hosts [14] - [16] . The safety of B. bassiana as a bio-control organism has been evaluated based on its impact on non-target insects and mammals, including humans with no safety concerns identified so far [17] .
There is great potential for the use of B. bassiana in biological control, because it can be cost-effective to locally mass-produce. Moreover, many strains are also already commercially available. B. bassiana has been mass-produced on different solid substrates, including steamed rice [18] [19] .
The objective of the current study was to evaluate the effectiveness of native Palestinian B. bassiana strains in biological control of the Medfly.
Materials and Methods

B. bassiana Isolates
The five isolates of B. bassiana (P.Bv32, P. Bv39, P. Bv41, P. Bv51, and P. Bv52) used in the experiments were previously selected from a long screening program of 58 isolates, which were collected from 225 composite soil samples from different vegetable and crop fields on the West Bank (54 from Jenin, 23 from Hebron, 120 from Jericho and the Jordan valley, 16 from Tulkarem, and 12 from Qalqelyia).
Rearing C. Capitata on an Artificial Diet
Medfly cultures were established by collecting larvae from infested peaches. Neonates were reared on an artificial larval wheat bran based diet. The diet ingredients constituted 400 g of wheat bran, 120 g of brewer's yeast (Lewis Labs, USA), 180 g of sucrose, 0.6 g of Nipagin TM (Clariant, UK), 24 mL of HCl (32%), and 760 mL of water, which were mixed and kept in a refrigerator at 4˚C to be used later in the experiments. The larvae were then transferred to 150-mm glass plates containing the larval bran diet. The plates were kept in a plastic container containing fine vermiculite, on which the larvae could jump and pupate inside and incubated in growth chamber at 25˚C and 90% relative humidity. Ten days later, the vermiculite was sieved using a 2-mm sieve and the collected pupae were transferred to plastic Petri dishes (90 mm in diameter) and incubated at 25˚C and 90% relative humidity for 10 days. Pupal plates were then transferred to the adult plastic containers for emergence, after 10 days. Adult females started laying eggs 4 days after emerging. Adults were reared in closed white plastic boxes (20 × 40 × 30 cm)with circular openings covered with mesh at the front and back; the containers contained moistened cotton with the adult's cake diet (one part brewer's yeast mixed with four parts sugar as a cake). Glass plates (15 cm diameter × 2.5 cm depth, Steriplan ® , UK) filled with 50 mL of sterile distilled water (SDW) were placed under the openings at the bottom of the boxes. Adult females extended their ovipositors through the mesh openings and laid eggs. The eggs then fell onto a glass plate filled with water. The eggs were then collected using a 5-mL pipette and filtered in a cheese cloth for 2 -3 days. The cheese cloth containing eggs was then placed on a glass plate (150 mm in diameter) with the larval diet. Plates were then covered and incubated at 25˚C for 10 days until the eggs hatched. The plates containing larvae were placed into larger plastic containers (40 × 30 × 25 cm) that contained fine vermiculite, and the covers were removed to allow the larvae to jump into the vermiculate and pupate inside.
Effect of Temperature on Growth Parameters
The growth rate, sporulation, and conidial germination of all of the B. bassiana isolates were evaluated under7 temperatures. The mycelium growth rate was evaluated by inoculating glucose peptone agar (GPA) medium plates with a single spore collected from a 21-day-old culture of each fungal isolate. Five plates for each isolate were then incubated under different temperatures: 5˚C, 10˚C, 15˚C, 20˚C, 25˚C, 30˚C, or 35˚C under continuous light conditions. The fungal colony diameter was measured 4 and 7 days after inoculation. The experiment was completely randomized, with five replicates. The rate of increase in diameter was calculated by the formula: Rate = D2 − D1/T2 − T1, where D2 and T2 were diameter and time for the second reading (at 7 days) and D1 and T1 were diameter and time for the first reading of the growth diameter (at 4 days), respectively.
The conidial germination of the isolates was evaluated by harvesting the conidia of each fungal isolate from 21-day-old cultures in 3 mL of SDW. The conidial concentrations were set at 700 conidia•mL
. For each isolate, 500 µL of the above concentration was spread on five GPA medium plates and incubated at 5˚C, 10˚C, 15˚C, 20˚C, 25˚C, 30˚C, or 35˚C under continuous light. The experiment was completely randomized, with five replicates per treatment. The number of colonies was recorded 5 days after inoculation.
For sporulation (conidia production), three 90-mm-diameter plates of GPA medium were inoculated with mycelial discs (5 mm) of each B. bassiana isolate taken from 21-day-old cultures. Plates were incubated under continuous light at various temperatures (10˚C, 15˚C, 20˚C, 25˚C, or 30˚C). After 21 days, mycelial disks (0.5 cm in diameter) were taken from each plate (replicate) and vortexed in 5 mL of 95% ethyl alcohol. A haemocytometer (abcam ® , Cambridge MA, USA) was used to determine spore production per unit area of the plate. The experiment was completely randomized, with three replicates.
Screening the Virulence of B. bassiana Isolates
The conidia of all five B. bassiana isolates were harvested from 21-day-old cultures. Twenty mg of collected dry conidia were then placed in a test tube. Twenty adult fruit flies (5 -10 days old) were placed inside each test tube and gently shaken for two minutes to inoculate the flies with conidia. The inoculated fruit flies were then transferred to plastic containers, as described above. The plastic containers were supplied with a piece of moistened cotton, which contained a small amount of adult food, and incubated at 25˚C ± 1˚C. The flies were supplied with water and food on a daily basis, and any mortalities were recorded daily. The experimental design was completely randomized, with five replicates for each isolate and 20 adult fruit flies in each replicate; the experiment was repeated twice.
The Effect of Temperature on the Virulence of B. bassiana against Adult
C. capitata Flies
The effect of temperature on the virulence of the B. bassiana isolates P. Bv32, P. Bv39, and P. Bv51 was evaluated. The conidia were harvested as described above, from 21-day-old cultures. The conidial concentration was set at 1 × 10 8 conidia/mL. A volume of 0.5 mL of the conidial suspension was suspended into each test tube for each isolate. A total of 20 flies (5 -10 days old), were added to each test tube and were gently mixed for 20 seconds, before being transferred to plastic containers. The plastic containers were incubated in five incubators set at different temperatures (10˚C, 15˚C, 20˚C, 25˚C, or 30˚C). The number of dead flies was recorded daily. The experimental design was completely randomized, with three replicates per isolate; the experiment was repeated twice.
Effect of the B. bassiana Inoculum (Conidia) Concentration on Fruit Fly Mortality
The conidia of all the B. bassiana isolates were harvested from 21-day-old cultures. Conidial concentrations were set at 10 5 , 10 6 , 10 7 , or 10 8 conidia/mL, in addition to a control treatment that only had SDW. A 0.5-mL aliquot of each concentration was suspended in a test tube. A total of 20 adult fruit flies (5 -10 days old) were placed in the test tube and gently shaken with the conidial inoculum for 20 seconds. The flies were then transferred to plastic containers and incubated at 25˚C. The number of dead flies was recorded daily. The experiment was completely randomized, with three replicates for each treatment; the experiment was repeated twice.
Method of Application
Two methods of B. bassiana application (feeding and contact) were evaluated against adult C. capitata flies. For the feeding method, conidia were harvested with 3 mL of SDW from 21-day-old cultures. The conidial concentration was set at 1 × 10 8 conidia/mL. A 0.5-mL aliquot of the suspension was mixed with 1 g of the adult flies' diet, and placed on a piece of cotton inside the plastic container. A total of 20 adult flies (5 -10 days old) were placed in the container and incubated at 25˚C.
For the contact method, the same conidial suspension was used and 0.5 mL of the inoculum was suspended in a test tube. A total of 20 adult flies of the same age (5 -10 days old) were added to the test tube, gently mixed, and placed in a plastic container containing the adult flies' diet; this was considered to be a replicate for each isolate. The plastic containers were then incubated at 25˚C for 10 days. Fly mortality was recorded daily. The experiment was completely randomized, with three replicates for each treatment; the experiment was repeated twice.
Bioassay on Peaches
The ability of B. bassiana to control C. capitata infestations on peaches was tested. Isolate conidia (P. Bv32 and P. Bv39) were harvested with 3 mL of SDW from 21-day-old cultures of B. bassiana. The conidial concentration was set at 1 × 10 8 conidia/mL. Ten fully ripened peaches were sprayed with the conidial suspension of each isolate until saturation, and left for 1 hour to dry. A control set of 10 peaches was sprayed with SDW. Peach fruits were then randomly placed in plastic containers (40 × 50 × 40 cm) that were ventilated from the upper side. The containers included moistened cotton containing the Medfly's adult diet placed in 50 mm Petri plates. A total of 15 ovipositing adult Medfly females and six adult males were placed in each container. The containers were incubated at 25˚C under normal light conditions. After 7 days, the infestation percentage and the number of Medfly larval infestations per peach were counted. The experimental design was completely randomized, with three replicates per treatment and 10 peaches per replicate; the experiment was repeated twice.
Formulation and Field Application
The isolate P. Bv32 was simply formulated as an emulsifiable suspension of mycoinsecticide that contained 10% dry conidia (w/v). The fungus was grown on GPA medium, and the dry conidia were harvested from 21-day-old cultures. The inert ingredients were prepared by mixing 460 mL of corn oil and 500 mL of SDW supplemented with 40 mL Tween TM 20 per litre as an emulsifier agent (Sigma, Germany); the mixture was then homogenized (Polytron ® PT 3100). The dry conidia (10%, w/v) were then added to the emulsifiable suspension, and the mixture was evenly homogenized. The formula was tested against the Medfly on 10-year-old peach trees at the AlAroub Agricultural Experimental Station (10 km north of Hebron). The field experimental design was a randomized complete block design, with four replicates (trees) for each treatment and four blocks. There were four treatments: a control (CK), in which the plants were only sprayed with SDW; an emulsifiable suspension of the bioinsecticide containing B. bassiana (P. Bv32) at a concentration of 2 × 10 8 conidia/mL;a commercial insecticide (Confidor ; and a combination of a low dose of Confidor ® at a concentration of 0.2 mL•L −1 and the B. bassiana bioinsecticide formulated earlier at a concentration of 2 × 10 8 conidia/mL, applied after 6 hours from spraying the insecticide in an integrated approach. The trees were sprayed three times, from 1 May to 30 June (2013), with a 3-week interval. Fully ripened peaches were harvested, and the Medfly infestation percentages were recorded. The experiment was repeated the following year (Figure 1). 
Statistical Analysis
Data from all of the experiments were statistically analysed using a one-way analysis of variance (ANOVA), and a Fisher Least Significant Difference (LSD) test was used for significance testing (P ≤ 0.05), using the Sigma Stat ® 2.0 program (SPSS Inc., USA).
Results
Effect of Temperature on Growth Parameters and Mortality
All of the B. bassiana isolates were able to grow in a wide temperature range (10˚C -30˚C). The optimum temperature for mycelial growth in all of the isolates was 25˚C -30˚C. All of the isolates failed to grow at temperatures below 10˚C or above 30˚C, and there were no significant differences between the five isolates in this respect (Figure 2(a) ). The B. bassiana isolate conidia were produced and germinated in a narrow temperature range (15˚C -30˚C), but failed to germinate at temperatures below 15˚C or above 30˚C. The optimum temperature for germination was in the range 20˚C -25˚C, without any significant differences found between the isolates (Figure 2(b) ). The number of conidia produced ranged from 19 × 10 7 to 67 × 10 7 conidia/cm 2 under light conditions. The optimum temperature for sporulation was 25˚C. Conidial production decreased at 30˚C in all the isolates and completely stopped at 35˚C, with obvious variation between the isolates (Figure 2(c) ).
Temperature significantly (LSD = 9.6, P ≤ 0.05) affected fly mortality (Figure 2(d) ); the isolate P. Bv32 induced high mortality rates (77% -100%) under a wide range of incubation temperatures (15˚C -30˚C) . The other isolates, however, exhibited greater infectivity only at high temperatures (25˚C -30˚C; e.g. P. Bv39 and P. Bv51). 
Virulence of B. Bassiana Isolates
All of the isolates induced significant (LSD = 8.3, P ≤ 0.05) mortalities (77%, 65%, 65%, 65%, and 58% for P. Bv32, P. Bv39, P. Bv41, P. Bv51, and P. Bv52, respectively) within the C. capitata adult population compared to the control at the highest inoculum concentration (10 8 conidia/mL) (Figure 3) . Mortality rates decreased with decreasing concentrations of B. bassiana conidial inoculum. At the lowest conidial concentration used (10 5 ), the mortalities induced significantly (LSD = 14.64, P ≤ 0.05) by P. Bv32, P. Bv39, P. Bv41, P. Bv51, and P. Bv52 were 78%, 43%, 30%, 35%, and 30%, respectively (Figure 4(a) ). However, at the highest concentration tested ( 10 8 ), the mortalities recorded for the same isolates were 100%, 100%, 68%, 67%, and 58%, respectively (Figure 4(b) ). Concerning the lethal time (LT 50 ), and the lethal concentration (LC 50 ) that is required to kill 50% of the tested pest population, the results showed that the LT 50 ranged from 3.91 to 5.6 days, depending on the isolate tested. The isolate P. Bv39 induced 50% mortality after 3.91 days at the highest conidial inoculum concentration of 10 8 conidia/mL ( Table 1) . The lethal concentrations (LC 50 ) ranged from 3.8 to 10.5 as log concentrations (conidia/mL); the lowest concentration required (3.8) was recorded by the aggressive isolate P. Bv32, while the highest concentration was recorded by the isolate P. Bv52 (Table 1) .
Concerning the methodology of the B. bassiana application, there were significant differences inmortality between the two methods ( Figure 5) . The contact method resulted in higher rates of mortality than did the feeding method. The highest mortalities induced by the contact method (83% and 92%) were recorded by the B. bassiana isolates P. Bv32 and P. Bv39, respectively, 4 days after inoculation (Figure 5 ). Figure 5 . Effect of Beauveria bassiana (P. Bv32, P. Bv39, P. Bv41, P. Bv51, and P. Bv52) application method on adult Ceratitis capitata mortality: contact (a), and feeding (b) (Least Significant Difference = 16.9). Furthermore, the isolates P. Bv32 and P. Bv39 reduced peach infestations by 73% and 64%, respectively, compared to the control. The average number of larvae per peach was 9 and 12, respectively, compared to the control, which had 33 larvae per peach. No significant difference (LSD = 7.4, P ≤ 0.05) was found between the two isolates ( Figure 6) .
Under field conditions, the bioinsecticide treatment containing the B. bassiana isolate P. Bv32 was able to significantly reduce peach infestation with Medfly maggots by 25% compared to the control, and by 30% when combined with a low dose of the commercial insecticide Confidor ® (Figure 7 ).
Discussion
The entomopathogenic fungus B. bassiana is the most common parasite of insects that has been isolated from soil, litter, and dead or moribund insects in nature [18] . In the current study, B. bassiana was recovered from soil samples collected from Palestinian agricultural fields using an improved semi-selective medium (GPA), amended with 90 µg•mL −1 Dodine (GPAD) [20] [21]. Native B. bassiana isolates induced significant (58% -100%) mortality to adult C. capitata flies, depending on the isolate and inoculum concentration used. Similar results were obtained by Konstantopoulou and Mazomenos [22] , who found that B. bassiana induced 85.6% mortality ina C. capitata population, but was less effective against Bactroceraoleae. Similarly, Munoz [23] evaluated the pathogenic potential of 16 strains of B. bassiana against adult C. capitataflies, and reported a mortality range of 20% -98.7%. In addition, Quesada-Moraga et al. [24] reported a mortality range of 30% -100% when a conidial suspension was used at a concentration of 10 8 conidia/mL −1 . The C. capitata mortality rate was correlated with the conidial concentrations tested. LC 50 values ranged from 3.8 to 10.5 (as a log concentration) with obvious differences between B. bassiana isolates; the LT 50 induced by the isolates ranged from 3.9 to 5.6 days. Similar results were obtained by Quesada-Moraga et al. [25] , who found that lethal concentrations (LC 50 ) of the four most virulent isolates ranged from 4.9 × 10 5 to 2.0 × 10 6 cfu/mL, with an estimated time to kill 50% of C. capitata ranging from 4.6 to 5.3 days. In addition, Mwamburi & Miller [25] reported that the lethal concentrations of 34 B. bassiana isolates that caused 50% mortality (LC 50 ) in adult house flies (Muscadomestica L.; Diptera, Muscidae) ranged between 10 3 -10 5 conidia/mL, and the lethal time (LT 50 ) values ranged between 0.44 -1.3 days.
The B. bassiana application method proved to be important; spraying inoculum (contact method) recorded high rates of adult C. capitata mortality. Differences in induced mortality rates between the isolates may have been related to differences in the conidial attachments onto the insect cuticle, modes of germination, or to the suppression of the host's immune system; similar results have been reported by Chandler et al., (1993) . In addition, enzymes produced by B. bassiana isolates, such as extracellular proteases and peroxides, may have contributed to the variation in Medfly mortality that was observed [26] [27] .
At the bioassay level, the B. bassiana isolates P. Bv32 and P. Bv39 applied at a concentration of 10 8 conidia/mL on peaches significantly reduced the percentages of Medfly infestation by 73% and 64%, respectively, compared to the control. Similar results were reported by Benuzzi and Santopolo [27] , who suggested that B. bassiana might produce chemical compounds or fungal structures (e.g. hyphae) that reduce or inhibit Medfly oviposition. Moreover, repellent volatile cues could be produced by B. bassiana, but the effects of these compounds on oviposition behaviour in C. capitataare unclear [28] . In addition, it has been shown that B. bassiana produces metabolites that are repellent to insects (e.g. peramine) [29] [30] .
Temperature dramatically influenced B. bassiana growth and development, with differences observed between the isolates. All the isolates failed to grow and develop at temperatures below 10˚C and above 30˚C. There were differences observed in the optimal temperatures required for various stages of growth and development. The optimum temperature for mycelial growth was 30˚C in most of the isolates, and the optimum range for sporulation and germination was 20˚C -25˚C. Regarding their virulence, some B. bassiana isolates successfully grew over a wide range of temperatures (e.g. P. Bv32), but the majority grew in the range 25˚C -30˚C. Similar results were found by Hallsworth and Magan [31] , who reported that the lowest radial growth occurred at 15˚C and 35˚C in all the B. bassiana isolates tested, except for the isolate Bb-01, which ceased to grow at 35˚C. The optimum temperature for sporulation and germination was 20˚C for Bb-01 and 25˚C for the remaining isolates. Furthermore, several investigators have reported that the optimum temperatures for B. bassiana mycelial growth, conidial germination, sporulation, and virulence are in the range 20˚C -30˚C [32] - [34] .
Conclusion
In conclusion, the B. bassiana native isolate P. Bv32 proved to be effective in controlling adult C. capitata flies in vitro, in vivo, and under field conditions, where it significantly reduced Medfly infestations in peaches that were treated with a mycoinsecticide formula alone, or in combination with the insecticide Confidor ® .
